1. Introduction {#sec1-nanomaterials-10-00449}
===============

Mixed convection in cavities due to moving surfaces has been a subject of many important heat transfer applications in electronic cooling, convective drying, solar power, some chemical engineering processes, and many others \[[@B1-nanomaterials-10-00449],[@B2-nanomaterials-10-00449]\]. The interaction of the forced flow and other effects such as natural convection will be made even more complex by including magnetic field effects and complicated geometries. There are many investigations that simplified the thermal engineering problem in two dimensional cavities with simple shapes. However, in real engineering problems considering three dimensional geometry is more realistic and two dimensional modeling may not be adequate to represent the three dimensional fluid flow features. In the current work, mixed convection in a three dimensional trapezoidal cavity double lid driven which accounts for geometrical non-uniformity is also considered.

In convective heat transfer applications in cavities, many active and passive heat transfer enhancement techniques are offered. In one of these methods, stationary or rotating circular cylinders are recently used in many applications \[[@B3-nanomaterials-10-00449],[@B4-nanomaterials-10-00449],[@B5-nanomaterials-10-00449],[@B6-nanomaterials-10-00449],[@B7-nanomaterials-10-00449],[@B8-nanomaterials-10-00449]\]. The rotating cylinders immersed in fluid in cavities have many applications, such as in rotating tube heat exchangers, drilling of oil wells, rotating shafts, and many others. Rotational speed, size, location, and thermal conductivity are among the most important parameters that can be considered for heat transfer enhancement. These effects were found to be effective in thermal performance for an inner rotating cylinder in a differentially heated cavity problem as studied in ref. \[[@B9-nanomaterials-10-00449]\]. In the numerical work of Hussain and Hussein \[[@B10-nanomaterials-10-00449]\], mixed convection in a two dimensional cavity with an inner rotating cylinder is studied by using the finite volume method and it was observed that the location of the cylinder has significant impacts on the convection enhancement. Ghaddar and Thiele \[[@B11-nanomaterials-10-00449]\] used spectral element method for analyzing the effects of a rotating cylinder in an isothermal cavity for considering various rotational speeds of the cylinder while heat transfer was found to enhance with rotation of the cylinder at low Rayleigh number. Fu et al. \[[@B12-nanomaterials-10-00449]\] examined the convection in a cavity with rotating cylinder effects by using penalty finite-element method. It was found that the direction of the rotation contributes significantly to the heat transfer enhancement. In the literature, there are a few studies that considered the impact of rotating cylinders within cavities on convection for three dimensional configurations \[[@B13-nanomaterials-10-00449]\]. In the work of Kareem and Gao \[[@B14-nanomaterials-10-00449]\], three dimensional mixed convection in a differentially heated cavity containing an inner adiabatic rotating cylinder was simulated for the range of non-dimensional rotational speeds of −5 and 5 in the turbulent flow regime. Heat transfer increment was observed with rotation but their impacts on the different surfaces was found to be different. Selimefendigil and Oztop \[[@B15-nanomaterials-10-00449]\] examined the impacts of two rotating inner circular cylinders in three dimensional cavity for steady, laminar flow regime. Both enhancement and deterioration of average heat transfer rate are observed depending upon the rotational direction of the cylinders.

Magnetic field effects are recently used for convective heat transfer control \[[@B16-nanomaterials-10-00449],[@B17-nanomaterials-10-00449],[@B18-nanomaterials-10-00449],[@B19-nanomaterials-10-00449]\]. The effects of magnetic field are encountered in geothermal energy extraction, glass float, coolers of nuclear reactors and many others. For convection in cavities, the magnetic field was found to reduce the heat transfer rate \[[@B20-nanomaterials-10-00449],[@B21-nanomaterials-10-00449],[@B22-nanomaterials-10-00449]\]. However, recent studies showed that the magnetic field effects can be beneficial to enhance the convection for configurations that produce multiple re-circulations as in vented cavities \[[@B23-nanomaterials-10-00449]\] or in separated flows as encountered in sudden area expansion geometries \[[@B24-nanomaterials-10-00449],[@B25-nanomaterials-10-00449]\]. Magnetic field effects are recently used with nanofluids \[[@B26-nanomaterials-10-00449],[@B27-nanomaterials-10-00449],[@B28-nanomaterials-10-00449],[@B29-nanomaterials-10-00449]\]. The technology of nanofluids were successfully implemented in various technological applications related to thermal science such as in solar power, thermal energy storage, refrigeration, thermal management and convective heat transfer control \[[@B30-nanomaterials-10-00449],[@B31-nanomaterials-10-00449],[@B32-nanomaterials-10-00449],[@B33-nanomaterials-10-00449],[@B34-nanomaterials-10-00449],[@B35-nanomaterials-10-00449],[@B36-nanomaterials-10-00449],[@B37-nanomaterials-10-00449]\]. Convective heat transfer in 3D cavities with nanofluid considering magnetic field effects were performed by several researchers \[[@B38-nanomaterials-10-00449],[@B39-nanomaterials-10-00449]\]. Sheikholeslami et al. \[[@B40-nanomaterials-10-00449]\] numerically studied the effects of Lorentz forces in 3D cavity with nanofluids and the numerical results showed that the heat transfer rate is reduced with higher magnetic field strength. In another study, Al-Rashed et al. \[[@B41-nanomaterials-10-00449]\] used finite volume method for analyzing 3D natural convection in a cubic enclosure with carbon nano-tube (CNT)-water nanofluid and magnetic field. The average Nu number was found to reduce by 50% when magentic field strength is increased from Hartmann number of 50 to Hartmann number of 100. In a recent work, Ghasemi and Siavashi \[[@B42-nanomaterials-10-00449]\] examined the magneto-hydrodynamic Cu-water nanofluid in a three-dimensional cavity with moving surfaces bu using the MRT- lattice Boltzmann method. The negative impact of Hartmann number on heat transfer rate was observed but it was noted that magnetic field can be aligned such that negative impact can be reduced. Magnetic field effects with nanofluid are also used in many porous media applications \[[@B43-nanomaterials-10-00449],[@B44-nanomaterials-10-00449],[@B45-nanomaterials-10-00449],[@B46-nanomaterials-10-00449],[@B47-nanomaterials-10-00449]\]. Convection in porous media may find important application areas such as in solar collectors, solidification, thermal insulation and many others.

In the present study, a rotating cone is used in three dimensional mixed convection of double lid driven trapezoidal porous enclosure considering magnetic field effects with CNT-water nanofluid. These particles were found to be very promising in the heat transfer enhancement in comparison with the other nanoparticles \[[@B48-nanomaterials-10-00449],[@B49-nanomaterials-10-00449]\]. A rotating cone which can be considered to be a generalization of a rotating cylinder is used in 3D cavity which adds novelty to the current configuration. The aspect ratio of the eccentric cone can be adjusted along with other parameters encountered in rotating cylinder such as rotational speed, size and location. There are a few studies of mixed convection in 3D cavities with rotating cylinder in cavities; however, it is the first time a rotating cone is used in a 3D double lid-driven porous cavity. Owing to the diversity in the application of mixed convection in lid-driven cavities for many thermal engineering problems, use of magnetic field with very highly conductive nanoparticles and using a rotating cone provide promising multiple methods for convective heat transfer control in many heat transfer engineering problems.

2. Modeling Steps in the Numerical Simulation {#sec2-nanomaterials-10-00449}
=============================================

2.1. Geometric Model and Governing Equations {#sec2dot1-nanomaterials-10-00449}
--------------------------------------------

A schematic view of the 3D representation and 2D view with boundary conditions are shown in [Figure 1](#nanomaterials-10-00449-f001){ref-type="fig"}. A trapezoidal 3D cavity with side surface inclination of 10${}^{\circ}$ and size H is considered. A rotating cone is located in the mid of the cavity with rotational speed of $\omega$. r1 and r2 are the radius of the base surfaces which are circular and AR denotes the aspect ratio as AR = r1/r2. The upper and lower horizontal surface of the cavity are moving with constant speeds of u0 in the positive and negative × directions. The cavity side surfaces are at fixed temperatures of T${}_{h}$ and T${}_{c}$ with T${}_{h}$\> T${}_{c}$. Other surfaces of the 3D cavity and surfaces of the rotating cone are adiabatic. As the heat transfer fluid SWCNT-water nanofluid is used considering the impacts of magnetic field and the properties are shown in [Table 1](#nanomaterials-10-00449-t001){ref-type="table"}. The base fluid Prandtl number is 6.9. The fluid is incompresible and Newtonian. Laminar, steady and three dimensional flow assumptions are used. The viscous dissipation and radiation effects are also not taken into account. The Brinkman-extended Darcy porous model is used.

The conservation equations are written in compact notation as:$$\nabla.\overset{\rightarrow}{U} = 0$$ $$\frac{1}{\mathsf{\varepsilon}^{2}}\left( {\overset{\rightarrow}{U}.\nabla} \right)\overset{\rightarrow}{U} = - \frac{1}{\rho_{nf}}\nabla P + \frac{\nu_{nf}}{\mathsf{\varepsilon}}\nabla^{2}\overset{\rightarrow}{U} + \overset{\rightarrow}{g}\beta_{nf}\left( T - T_{c} \right) - \frac{\nu}{\kappa}\overset{\rightarrow}{U} + \frac{\sigma_{nf}}{\rho_{nf}}\left( {\overset{\rightarrow}{U} \times \overset{\rightarrow}{B}} \right) \times \overset{\rightarrow}{B}$$ $$\left( {\overset{\rightarrow}{U}.\nabla} \right)T = \alpha_{nf}\nabla^{2}T$$

The inclusion of CNT particles affects the variation of electrical conductivity along with the other thermophysical properties. The magnetic Reynolds number is much smaller than one and the induced magnetic field effects are not taken into account. The magnetic field is assumed to be uniform throughout the computational domain. A transverse magnetic field which is uniform and parallel to the z-axis is used. Joule heating effects are neglected along with the electric field and induced magnetic effects. The last term in the above given momentum equation are the Lorentz forces. Based on those simplifications, $- \frac{\sigma_{nf}}{\rho_{nf}}B^{2}u$ and $- \frac{\sigma_{nf}}{\rho_{nf}}B^{2}v$ become the x and y contributions of the Lorentz forces.

The dimensional boundary conditions are given as:-For horizontal upper moving surface, $u = u_{0},\mspace{720mu} v = w = 0\mspace{720mu}\frac{\partial T}{\partial n} = 0$.-For left side surface, $u = v = w = 0\mspace{720mu} T = T_{h}$.-For right side surface, $u = v = w = 0\mspace{720mu} T = T_{c}$.-For horizontal lower moving surface, $u = - u_{0},\mspace{720mu} v = w = 0\mspace{720mu}\frac{\partial T}{\partial n} = 0$.-Along the surface of the cone, $u = - \omega\left( y - y_{c} \right),\mspace{720mu} v = \omega\left( x - x_{c} \right),\mspace{720mu} w = 0\mspace{720mu}\frac{\partial T}{\partial n} = 0$. $$\begin{aligned}
 & {\Pr = \frac{\nu_{f}}{\alpha_{f}},\mspace{720mu}\mspace{720mu}{Gr} = \frac{g\beta_{f}\left( T_{h} - T_{c} \right)H^{3}}{\nu_{f}^{2}},\mspace{720mu}\mspace{720mu}{Ha} = HB_{0}\sqrt{\frac{\sigma_{f}}{\mu_{f}}},} \\
 & {{Da} = \frac{\kappa}{H^{2}},\mspace{720mu}\mspace{720mu}{Re} = \frac{u_{0}H}{\nu^{2}},\mspace{720mu}\mspace{720mu}{Ri} = \frac{Gr}{{Re}^{2}}} \\
\end{aligned}$$

Thermal performance of the system is evaluated by using the Nusselt numbers. The local and average Nusselt number for the hot surface are calculated as in the following:$${Nu}_{s_{1},s_{2}} = - \frac{k_{nf}}{k_{f}}\left( \frac{\partial\theta}{\partial S} \right),\mspace{720mu}\mspace{720mu}{Nu}_{m} = \frac{1}{S_{1}S_{2}}\int_{0}^{S_{1}}\int_{0}^{S_{2}}{Nu}_{s_{1},s_{2}}ds_{1}ds_{2}.$$

The solution of the equations is made by using the Galerkin weighted residual finite element method. In the formulation, the flow variables are approximated by using the interpolation functions:$$\begin{aligned}
 & {u = \sum\limits_{k = 1}^{N^{u}}\Psi_{k}^{u,v,w}U_{k},\mspace{720mu} v = \sum\limits_{k = 1}^{N^{v}}\Psi_{k}^{u,v,w}V_{k},\mspace{720mu} w = \sum\limits_{k = 1}^{N^{w}}\Psi_{k}^{u,v,w}W_{k}} \\
 & {p = \sum\limits_{k = 1}^{N^{p}}\Psi_{k}^{p}P_{k},\mspace{720mu}\mspace{720mu} T = \sum\limits_{k = 1}^{N^{u}}\Psi_{k}^{T}T_{k}.} \\
\end{aligned}$$ $\Psi^{u,v,w},\Psi^{p}$ and $\Psi^{T}$ are the shape functions for field variables. $U,V,P$ and *T* denote the values of the respective variables at the nodes of the element. The residuals are set to be zero as:$$\int_{\mathsf{\Omega}}F_{k}\left( x \right)Rdv = 0.$$ $F_{k}$ is the weight function. The Newton-Raphson method was used for the solution of nonlinear residual equations.

2.2. CNT-Water Nanofluid Property Equations {#sec2dot2-nanomaterials-10-00449}
-------------------------------------------

CNT-water nanofluid effective thermo-physical relations are given as \[[@B50-nanomaterials-10-00449]\]:$$\rho_{nf} = \left( 1 - \phi \right)\rho_{f} + \phi\rho_{p}$$ $$\left( \rho c_{p} \right)_{nf} = \left( 1 - \phi \right)\left( \rho c_{p} \right)_{f} + \phi\left( \rho c_{p} \right)_{p}$$ $$\left( \rho\beta \right)_{nf} = \left( 1 - \phi \right)\left( \rho\beta \right)_{f} + \phi\left( \rho\beta \right)_{p}.$$

A correlation which considers the space distribution of the CNTs in the nanofluid is used for thermal conductivity. It is defined as \[[@B51-nanomaterials-10-00449]\]:$$\frac{k_{nf}}{k_{f}} = \frac{\left( 1 - \phi \right) + 2\phi\frac{k_{CNT}}{k_{CNT} - k_{f}}\ln\frac{k_{CNT} + k_{f}}{2k_{f}}}{\left( 1 - \phi \right) + 2\phi\frac{k_{f}}{k_{CNT} - k_{f}}\ln\frac{k_{CNT} + k_{f}}{2k_{f}}}$$

This definition of the thermal conductivity is shown to produce accurate results when experimental results are used \[[@B51-nanomaterials-10-00449]\].

The Brinkman model is chosen for the dynamic viscosity of the nanofluid \[[@B52-nanomaterials-10-00449]\]:$$\mu_{nf} = \frac{\mu_{f}}{\left( 1 - \phi \right)^{2.5}}$$

This model does not take into account the temperature dependence and size of the particle effects. It has been used in various studies for convective heat transfer applications and the heat transfer fluid was considered to be Newtonian up to a specified values of solid particle volume fraction \[[@B53-nanomaterials-10-00449],[@B54-nanomaterials-10-00449]\]. In the experimental work of Halelfadl et al. \[[@B55-nanomaterials-10-00449]\], the viscosity of CNT-water was examined and temperature and solid particle volume fraction effects were analyzed. It was observed that the fluid behaves non-Newtonian (shear thinning) for higher nanoparticle volume fractions. In the analytical work of Benos et al. \[[@B56-nanomaterials-10-00449]\], impacts of CNT aggregations were included in the viscosity and thermal conductivity of CNT-water nanofluid. In a recent work, molecular dynamics simulation method was used to obtain the viscosity of a model water-based nanofluid with single walled CNT \[[@B57-nanomaterials-10-00449]\]. A correlation for the volume fraction in the range of 0.25% and 0.65% is offered and comparisons are made between various available models for the viscosity of nanofluids.

For the definition of electrical conductivity of CNT-water nanofluid, Maxwell's model was used \[[@B51-nanomaterials-10-00449]\]:$$\frac{\sigma_{nf}}{\sigma_{f}} = 1 + \frac{3\phi\left( {\frac{\sigma_{p}}{\sigma_{f}} - 1} \right)}{\left( {\frac{\sigma_{p}}{\sigma_{f}} + 2} \right) - \phi\left( {\frac{\sigma_{p}}{\sigma_{f}} - 1} \right)}$$

2.3. Mesh Examination and Code Verification {#sec2dot3-nanomaterials-10-00449}
-------------------------------------------

Mesh is composed of tetrahedral elements and its independence is assured by using various number of elements. [Table 2](#nanomaterials-10-00449-t002){ref-type="table"} shows the average Nusselt number variations versus number of elements considering three values of Richardson numbers. G6 with 69,769 number of elements is used for the subsequent computations. Validation of the present work is made by using different available numerical studies in the literature. In the first study, mixed convection in a double lid-driven cubic enclosure is examined for various Richardson and Reynolds numbers as studied in ref. \[[@B58-nanomaterials-10-00449]\]. The average Nusselt numbers of the configurations with (Re = 100, Ri = 1) and (Re = 100, Ri = 10) are 1.70 and 1.20 in ref. \[[@B58-nanomaterials-10-00449]\] whereas these values are calculated as 1.63 and 1.18 with the present solver. Another validation is conducted by using the experimental results of Heyhat et al. \[[@B59-nanomaterials-10-00449]\]. In this work, forced convection of Al${}_{2}$O${}_{3}$-water nanofluid in a horizontal tube in laminar flow conditions was examined for nanofluid solid volume fraction up to 2%. Following property relations for the thermal conductivity and dynamic viscosity are considered:$${k_{nf} = k_{bf}\left( T \right)\left( {1 + 8.733\phi} \right),\mspace{720mu}\mspace{720mu}\mspace{720mu}\mu_{nf} = \mu_{bf}\left( T \right)\exp\left( \frac{5.989\phi}{0.278 - \phi} \right)}.$$

Temperature dependence (between 20${}^{\circ}$ and 60${}^{\circ}$) of the properties are considered. The ratio of Nusselt numbers for nanofluid and water case is shown in [Figure 2](#nanomaterials-10-00449-f002){ref-type="fig"} for different values of Reynolds numbers. Highest deviation is obtained as 9.40% between the experimental data and present solver at Reynolds number of 800.

Final verification of the code is made by using the results from the two dimensional double-lid driven cavity problem analyzed in ref. \[[@B60-nanomaterials-10-00449]\]. [Figure 3](#nanomaterials-10-00449-f003){ref-type="fig"} shows the average Nusselt number comparisons for various Richardson numbers.

The results of the validation studies show that the current solver can predict the nanofluid behavior and convective heat transfer of lid driven cavity problems in 2D and 3D configurations.

3. Results and Discussion {#sec3-nanomaterials-10-00449}
=========================

In the present study, impacts of a rotating cone on mixed convection of CNT-water nanofluid in a 3D trapezoidal porous cavity are examined considering magnetic field effects.

Richardson number is the ratio of the free convection effects to the forced convection due to the moving surface. The Rayleigh number is fixed to the 10${}^{5}$ and a lower Richardson number value gives a higher velocity of the upper and lower moving surfaces. As the value of Ri rises, the natural convection effects are increased while the penetrating fluid motion form the moving surfaces are reduced. Impact of rotational speed of the cone on the 3D and 2D mid-plane flow and thermal patterns are shown in [Figure 4](#nanomaterials-10-00449-f004){ref-type="fig"} (Ri = 5, Ha = 10, Da = 10${}^{- 3}$, AR = 0.25, x${}_{0}$ = 0.5 H, $\phi = 0.04$). As compared to stationary cylinder case, multi-recirculation regions are established for $\omega = - 300$ while the diagonally elongated vortex becomes flattened for $\omega = 300$. The thermal gradients become higher especially for the upper part of the hot surface with rotation of the cone.

The average Nusselt number variations with respect to changes in the Ri number for three values of angular rotational speed of the cylinder are shown in [Figure 5](#nanomaterials-10-00449-f005){ref-type="fig"}a--c. The average heat transfer behavior for various Richardson numbers are significantly affected by the angular rotational velocity of the cone. For stationary cone case at $\omega = 0$, the average Nusselt number generally enhances with higher values of Ri numbers. However, at the highest speed of $\omega = - 300$, the impact is reverse. This could be attributed to reduced convective effects of the rotating cone with higher velocities of the upper and lower surfaces which resulted in heat transfer deterioration. The variation of the average Nu value of the hot surfaces with varying values of $\omega$ of the objects (2D cylinder, 3D cylinder and 3D cone) are shown in [Figure 5](#nanomaterials-10-00449-f005){ref-type="fig"}d. The average Nu value is higher for 2D cylinder case and discrepancies between 2D and 3D configuration and the average Nusselt number values rise with higher $\omega$. There is only 7% higher values are achieved for 2D cylinder case as compared to 3D cylinder configuration while this value becomes 14% and 28.5% for rotational speeds of $\omega = - 250$ and $\omega = 250$, respectively. There are some negligible variations in the average Nusselt number for 3D cylinder and 3D cone and the highest variation is 2% at $\omega = - 250$.

In the current work, the competing forces between the magnetic field and hydrodynamic forces can be defined by using additional interaction parameters. An additional parameter which is the interaction index (N${}_{L}$) can be defined as:$$N_{L} = \frac{{Ha}^{2}}{Re}.$$

It gives the ratio of the Lorentz forces to the inertia forces due to the moving wall. In the present work, the rotation of the cone also affects the convective flow features. Another interaction parameter which defines the ratio of the Lorentz forces to the rotational effects of the cone can be defined as:$$N_{\omega} = \frac{{Ha}^{2}}{{Re}_{\omega}}.$$ and the rotational Reynolds number is defined as:$${Re}_{\omega} = \frac{\omega D^{2}}{\nu_{f}}.$$

The value of N${}_{L}$ corresponds to 0, 0.185 and 4.64 at Richardson number of 0.05 while they are 0, 5.87 and 146.84 at Richardson number of 50 when Hartmann number values of Ha = 0, Ha = 10 and Ha = 50 are considered. When rotation of the cone is considered at fixed value of Ri=1, the interaction parameter $N_{\omega}$ takes values of 0, 10.59 and 251.48 for rotational speed of 10 while these values become 0, 0.4 and 10.06 for rotational speed of 250 when Hartmann number of Ha = 0, Ha = 10 and Ha = 50 are considered.

In the current work, nanofluids are used with magnetic field effects. In the experimental work of Kaneda et al. \[[@B61-nanomaterials-10-00449]\], where natural convection for a liquid metal with uniform magnetic field is examined, the convective heat transfer was found to be reduced with larger magnetic field strength. In another experimental work, free convection of a magnetic fluid in the annular space of two horizontal cylinders was examined \[[@B62-nanomaterials-10-00449]\]. It was observed that the direction and amplitude of magnetic field were effective in convective heat transfer and magnetic field can be used as a control tool. Convective heat transfer features around a heated wire under uniform magnetic field and magnetic field gradient were experimentally conducted in Ref. \[[@B63-nanomaterials-10-00449]\]. The orientation and strength of the magnetic field were shown to play a significant role on the heat transfer features. Both the thermal and electrical conductivity of the base fluid changes by introducing nano sized particles. The configuration with water ($\phi = 0$) and without magnetic field effects (Ha = 0) are taken as the reference case while enhancement or deterioration the average Nu value for various nanofluids with different solid particle volume fractions considering two values of Richards numbers are shown in [Figure 6](#nanomaterials-10-00449-f006){ref-type="fig"}. The amount of heat transfer enhancement with nanoparticle addition reduces for higher Hartmann number case for all Ri numbers. Similar results have also been in previous studies for convective heat transfer studies in cavities considering magnetic field effects. Deterioration of the heat transfer is achieved after Ha = 10 for $\phi = 0$ and at Ha = 50 for $\phi = 1\%$ considering all Richards number cases. The average enhancement of heat transfer rate in the absence of magnetic field is highest for Ri = 1 and the amount is 133% while at Ha = 50, this value is reduced to 84.3%. It is observed that the heat transfer enhancement is still very high with the inclusion of CNT nanoparticles even in the presence of destructive effects of MHD on convection. In the experimental work of Sarafraz et al. \[[@B64-nanomaterials-10-00449]\], performance of COOH functionalized multi-walled carbon nanotubes-water nanofluid was experimentally tested for a double pipe heat exchanger. Small penalty was noted for pressure drop while significant enhancements in the thermal performance up to $44\%$ for the highest mass concentration of wt.$\% = 0.3$ were observed. In another experimental work, thermal performance features of CNT-water nanofluid in a tube with inserted helical screw louvered rods were analyzed for solid volume fractions of 0.1%, 0.2%, and 0.5% in Ref. \[[@B65-nanomaterials-10-00449]\]. The highest thermal performance index of 1.23 was obtained for 0.5% volume concentration for a twist ratio of 1.78. From these experimental studies and form numerical studies as mentioned above, it is obvious that using CNT nanoparticles in heat transfer fluids gives higher thermal performance.In the current work, the highest amount of average heat transfer reduction with magnetic field in the absence of nanoparticles is 31.4% at Richardson number of 50.

The aspect ratio and location of the rotating cone can be considered other parameters that could contribute to the convective heat transfer enhancement. Aspect ratio of the cone denotes the ratio of the radius of the base circular surfaces of the cone. A higher aspect ratio denotes a higher average radius of the cone. As the value of AR is higher, the gap between the surfaces of the hot wall and rotating cone reduces. Higher impact of the convective flow motion due to the rotating cone is obtained with higher AR and thermal gradients near the hot surface are expected to become steepened. Impacts of AR and vertical location of the rotating cone on the average variation of the Nusselt number of the hot surface are shown in [Figure 7](#nanomaterials-10-00449-f007){ref-type="fig"}. AR = 1 denotes a rotating circular cylinder in 3D cavity configuration. The average Nusselt number shows an increasing trend with respect to changes in higher values of AR. The amount of enhancement in the average Nu value is 95% which is significant when the cases with lowest and highest aspect ratio are compared. The horizontal location of the rotating cone resulted in first deterioration of average heat transfer from x${}_{0}$ = 0.35 H to 0.5 H and then increment until x${}_{0}$ = 0.65 H, but the amount of variation is only 6% at the highest.

4. Conclusions {#sec4-nanomaterials-10-00449}
==============

In the current work, impacts of a rotating cone with MHD effects are considered for the mixed convection of CNT-water nanofluid in a double lid-driven 3D trapezoidal cavity. Different behaviors of average heat transfer with respect to changes in the Richardson number is observed depending upon the angular rotational speed of the cone. The average Nusselt number increases for higher values of Richardson number when the cone is stationary and it shows a decreasing trend when the cone is rotating at speed of −300. Comparisons are also made between the 3D configuration with an inner rotating cone and 2D configuration with an inner rotating cylinder. Comparison results showed that the average Nusselt number is higher for 2D case. As the value of rotational speed increases, the discrepancy between the average Nu values between the 2D and 3D case and increases and highest value of 28.5% is obtained. Magnetic field effects reduced the effective convection but with the use of highly conductive CNT particles, the average Nu value enhances by about 84.3% at the highest magnetic field strength when the Hartmann number is taken as 50. The aspect ratio of the cone was found to be an effective parameter for heat transfer enhancement in 3D configuration and up to 95% average Nu value enhancements are observed when the values for lowest and highest aspect ratio are compared. However, the horizontal location of the rotating cone has a slight impact on the heat transfer.
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![Schematic description of the physical model (**a**) 3D (**b**) 2D with boundary conditions.](nanomaterials-10-00449-g001){#nanomaterials-10-00449-f001}

![Ratio of the Nusselt number of nanofluid to pure water obtained in the experimental work in Ref. \[[@B59-nanomaterials-10-00449]\] and calculated with the current solver.](nanomaterials-10-00449-g002){#nanomaterials-10-00449-f002}

![Average Nusselt number comparisons for various Richardson numbers for a double lid driven cavity problem (opposite lid velocity direction) computed in ref. \[[@B60-nanomaterials-10-00449]\] and obtained with the current solver.](nanomaterials-10-00449-g003){#nanomaterials-10-00449-f003}

![Effects of angular rotational speed of the rotating cone on the variation of flow and thermal patterns for 3D and 2D mid-plane of the cavity (Ri = 5, Ha = 10, Da = 10${}^{- 3}$, AR = 0.25, x${}_{0}$ = 0.5 H, $\phi = 0.04$).](nanomaterials-10-00449-g004){#nanomaterials-10-00449-f004}

###### 

The average Nusselt number versus Richardson number variations for different angular rotational speeds (**a**--**c**) (Ha = 10, Da = 10${}^{- 3}$, AR = 0.25, x${}_{0}$ = 0.5 H, $\phi = 0.04$) and variation of average Nusselt number with respect to changes in $\omega$ for 2D circular cylinder, 3D circular cylinder and 3D circular cone (AR = 2) configurations (**d**) (Ha = 10, Da = 10${}^{- 3}$, $\omega = - 100$, x${}_{0}$ = 0.5 H, $\phi = 0.04$).
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![](nanomaterials-10-00449-g005b)

![Enhancement in the average Nusselt number with respect to changes in $\phi$ and Hartmann number considering Richardson number of 0.05 (**a**) and Richardson number of 50 (**b**) (Da = 10${}^{- 3}$, AR = 0.25, x${}_{0}$ = 0.5 H).](nanomaterials-10-00449-g006){#nanomaterials-10-00449-f006}

![Effects of aspect ratio (**a**) and x-location of the rotating cone (**b**) on the variation of average Nusselt number of the hot surface (Ri = 5, Ha = 10, Da = 10${}^{- 3}$, $\phi = 0.04$).](nanomaterials-10-00449-g007){#nanomaterials-10-00449-f007}

nanomaterials-10-00449-t001_Table 1

###### 

Thermophysical properties of base fluid and nanoparticles \[[@B41-nanomaterials-10-00449]\].

  Property                                        Water   SWCNT   MWCNT
  ----------------------------------------------- ------- ------- -------
  $\rho\mspace{720mu}\left( {kg}/m^{3} \right)$   997.1   2600    1600
  $ c_{p}\mspace{720mu}\left( J/{kg} K \right)$   4179    425     796
  $k\mspace{720mu}\left( W/{mK} \right)$          0.61    6600    3000

nanomaterials-10-00449-t002_Table 2

###### 

Grid independence test results for three different values of Richardson numbers (Ha = 50, Da = 10${}^{- 2}$, $\omega = - 300$, AR = 0.25, x${}_{0}$ = 0.5 H, $\phi = 0.04$).

  Grid Name   Number of Elements   Nu (Ri = 0.05)   Nu (Ri = 1)   Nu (Ri = 50)
  ----------- -------------------- ---------------- ------------- --------------
  G1          1923                 6.45             4.06          3.47
  G2          4834                 5.29             3.64          3.27
  G3          7680                 4.56             3.36          3.11
  G4          19298                4.23             3.26          3.06
  G5          39287                3.91             3.15          3.02
  G6          69769                3.85             3.14          3.01
  G7          69769                3.84             3.13          3.01
